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Background: The objective of the current study was to establish a rat model to investigate apoptosis in
steroid-induced femoral head osteonecrosis occurring via the Wnt/β-catenin pathway.
Methods: Male Sprague–Dawley (SD) rats were randomly divided into a control group (group A), model group
(group B) and sFRP1 group (group C), each consisting of 24 rats, and the rats were intravenously injected with LPS
(10 μg/kg body weight). After 24 h, three injections of MPS (20 mg/kg body weight) were administered intramuscularly
at 24-h intervals. The rats in group C were injected intramuscularly with 1 μg/kg sFRP1 protein per day for 30 days,
beginning at the time of the first MPS administration. The group A rats were fed and housed under identical
conditions but received saline injection. All animals were sacrificed at weeks 2, 4 and 8 from the first MPS injection.
Histopathological staining was preformed to evaluated osteonecrosis. Apoptosis was detected via quantitative
terminal deoxynucleotidyl transferase (TdT) deoxyuridine triphosphate nick-end labelling (TUNEL) staining, caspase-3
activity assay, and detection of Bcl-2 and Bax protein expression by immunohistochemistry and Western blotting.
Wnt/β-catenin pathway signalling molecules, including activated β-catenin and c-Myc, were detected by
immunohistochemistry and Western blotting.
Results: Typical osteonecrosis was observed in groups B and C. Apoptosis gradually increased with increasing time in
both groups B and C. More severe osteonecrosis and apoptosis were observed in group C compared with group B. The
expression levels of caspase-3 and Bax were higher while that of Bcl-2 was lower in group C compared with group B.
The expression levels of activated β-catenin and c-Myc gradually decreased with increasing time in both groups B and
C, and they were lower in group C compared with group B.
Conclusions: The Wnt/β-catenin pathway is involved in the pathogenesis of early stage SANFH, as we have
demonstrated in an SANFH rat model, and it may act through the regulation of c-Myc, which affects the cell cycle
and cell apoptosis.
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Many studies have shown that glucocorticoid (GC) ther-
apy is the most common non-traumatic cause of osteo-
necrosis of the femoral head, termed steroid-induced
avascular necrosis of the femoral head (SANFH). The
underlying mechanisms of SANFH are still unclear. Several
mechanisms have been postulated, including coagulation,* Correspondence: wkzh1955@163.com
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compression of vessels by progressive accumulation of
marrow fat stores.
Studies have demonstrated the strong association of
osteoblast and osteocyte apoptosis with SANFH [1–4].
Weinstein and his colleagues have studied osteocyte
apoptosis in femoral head specimens of 14 patients with
necrosis of the femoral head using TUNEL staining
assay [5], showing the appearance of marked osteocyte
apoptosis in specimens from patients with SANFH,
while apoptosis was absent or rare in specimens fromticle distributed under the terms of the Creative Commons Attribution License
which permits unrestricted use, distribution, and reproduction in any medium,
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other factors. Many studies have shown that osteocyte
apoptosis occurs in the tissue of bone with SANFH [6].
The Wnt signalling pathway plays a critical role in
embryonic development and regulation of apoptosis.
Evidence suggests that the Wnt/β-catenin pathway is in-
volved in apoptosis by regulating target downstream
genes, such as c-Myc and cyclin D1 [7, 8]. The Wnt
signalling pathway is related to the regulation of bone
formation [9, 10]. Feng-Sheng Wang has conducted
in vivo and in vitro testing of rats, demonstrating that
glucocorticoids mediate the pathogenesis of osteoporosis
by enhancing the expression of sFRP1 in bone tissue,
leading to the negative regulation of the Wnt/β-catenin
pathway, osteocyte apoptosis and bone mass loss [11].
An important role of Wnt/β-catenin in cell fate deter-
mination has been demonstrated for bone marrow
mesenchymal stem cell (BMSC) differentiation [12–16].
Studies have indicated that the Wnt/β-catenin pathway
may be associated with the pathogenesis of SANFH.
However, few studies have been conducted to investigate
the role of this pathway in SANFH.
In this study, we employed an animal model with
SANFH induced by bacterial lipopolysaccharides com-
bined with methylprednisolone to investigate apoptosis
in SANFH occurring via the Wnt/β-catenin pathway.
Apoptosis in the femoral head was evaluated after the
animals were administered sFRP1, which is a Wnt/β-
catenin pathway blocker. This study provides important
information on the pathogenesis of SANFH that may




This study was performed in accordance with the
National Institutes of Health guidelines for the use of
experimental animals, and all animal protocols were
approved by the Institutional Animal Care and Use
Committee of Xi’an Jiaotong University. All surgeries were
performed under sodium pentobarbital anaesthesia,
and all efforts were made to minimize suffering.
Male Sprague–Dawley (SD) rats (license number: SCXK
[Shaanxi] 2008–008; weight 250–300 g; age: 12 months;
SPF class) were obtained from the experimental animal
centre of Xi’an Jiao Tong University. The rats were bred
and maintained under a 12:12-h light–dark cycle with
free access to food and water. The room temperature
was set at 18 °C-25 °C, and the relative humidity was set
at 40 %-60 %.
Experimental protocols
The rats were weighed after feeding for 1 week. The early
stage SANFH model was induced using a combination oflipopolysaccharides (LPS) and methylprednisolone (MPS).
Seventy-two male SD rats were intravenously injected with
LPS (10 μg/kg body weight). After 24 h, three injections of
MPS (20 mg/kg body weight) were administered intra-
muscularly at 24-h intervals. To prevent infection, each
rat was intraperitoneally injected with 100,000 U of peni-
cillin. The rats were randomly divided into a control group
(group A), model group (group B) and sFRP1 group
(group C), each consisting of 24 rats. The rats in group C
were injected intramuscularly with 1 μg/kg sFRP1 protein
per day for 30 days, beginning at the time of the first MPS
administration. The control group (group A) was fed and
housed under identical conditions but received saline
injection.
The rats in all groups were sacrificed by overdose of an-
aesthesia at weeks 2, 4 and 8 from the first MPS injection,
and the femoral heads were harvested. The left femoral
heads of all rats were preserved in a −70 °C cryogenic
freezer immediately after sacrifice, and proteins were iso-
lated for Western blot analysis. The right femoral heads
were collected and immediately fixed with 10 % formalin
(0.1 M phosphate buffer, pH 7.4) at 4 °C for 24 h.
Histopathological staining
After the femoral heads harvested from the animals were
fixed with 10 % formalin, they were washed with 0.2 M
phosphate buffer (pH 7.4). Then, they were decalcified
with 10 % EDTA and neutralized with sodium sulphate
buffer for approximately 4 weeks. After decalcification, the
tissues were embedded in paraffin and cut in the coronal
plane into 4-μm thick sections with a microtome. Some of
the sections were processed for routine haematoxylin-
eosin staining to assess the general architecture and dam-
age of the tissue. The stained sections were viewed at a
magnification of 200 × and photographed with an Eclipse
50i optical microscope imaging system (Nikon, Co. Ltd.,
Toyko, Japan), and the images were analysed using Image-
Pro-plus software (Media Cybernetics, Baltimore, MD).
TUNEL staining
TUNEL staining was performed on paraffin sections
using an in situ cell death detection kit (Jiancheng
Bioengineering Institute, Nanjing, China) according to
the manufacturer’s instructions. Sections were counter-
stained with haematoxylin. Quantitation was carried out
by counting the number of TUNEL-positive cells in five
randomly chosen fields of view on each slide at a magni-
fication of 200x, and the values were averaged. Apop-
tosis was evaluated by determining the ratio of the
number of TUNEL-positive cells to that of total cells.
Caspase-3 activity assay
The activity of caspase-3 was detected with a Caspase-3
Colorimetric Assay Kit (Nanjing KeyGEN Biotech. Co.,
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protocol. Proteins from rat femoral head tissues were
isolated with RIPA lysis buffer, and protein concentra-
tions were determined with a BCA protein quantitation
kit (Pierce, Rockford, IL, USA). Caspase-3 activity was
expressed in terms of absorbance units (OD 405 nm).
Western blot analysis
The protein levels of Bcl-2, Bax, activated β-catenin and
c-Myc were detected by Western blotting. The specimens
were washed twice in ice-cold PBS and subsequently lysed
in RIPA buffer (990 μL RIPA and 10 μL phenylmethyl-
sulphonyl fluoride), followed by grinding in liquid nitrogen
for approximately 25 to 30 min. Supernatants were
extracted into a centrifuge tube, and insoluble material
was removed by microcentrifugation at 12000 r/min for
10 min in 4 °C. Proteins in the lysates were subsequently
dissolved in SDS sample buffer (62.5 mM Tris/HCl,
pH 6.8, 2 % w/v SDS, 10 % glycerol, 50 mM dithiothreitol,
and 0.01 % w/v bromophenol blue), electrophoresed on
SDS-PAGE with Tris-glycine running buffer, and elec-
trophoretically transferred onto polyvinylidene difluor-
ide membranes using a semi-dry apparatus (Bio-Rad,
Hercules, CA, USA). The membranes were blocked
with TBS/Tween20 (0.05 mM Tris, 0.15 mM NaCl,
pH 7.6; 1 % Tween 20) containing 5 % w/v non-fat dried
milk for 1 h and were then incubated in TBS/Tween20
with 5 % w/v non-fat dried milk supplemented with dif-
ferent rabbit anti-rat monoclonal antibodies (1:1000;
Santa Cruz Biotechnology, USA) overnight at 4 °C.
After the membranes were washed with TBS/Tween20
three times, they were incubated in the dark with a
diluted (1:5000) secondary polyclonal antibody (goat
anti-rabbit conjugated with peroxidase) in TBS/Tween-
20 containing 5 % w/v non-fat dried milk at room
temperature for 2 h with gentle shaking. Horseradish
peroxidase-conjugated anti-β-actin (Santa Cruz Bio-
technology, USA) was used as an internal control.
Positive antibody interactions were visualized using an
ECL-plus kit (Thermo Fisher Scientific Inc., USA) with
an enhanced chemiluminescence substrate for horse-
radish peroxidase. Luminescent signals were detected
and recorded with a CCD camera in a dark room and
transmitted to a controller unit. Relative expression was
quantified using densitometry and Quantity One soft-
ware (Bio-Rad; Richmond, CA, USA). The obtained
values were normalized to reference bands of β-actin.
Each test was repeated three times.
Immunohistochemistry
The femoral head tissue sections obtained by the above
process were processed immunohistochemically to detect
the presence of Bcl-2, Bax, activated β-catenin and c-Myc
using the avidin-biotin-peroxidase complex (ABC) method.After permeabilization in phosphate-buffered saline (PBS)
with 0.3 % Triton-X 100 (pH 7.4) for 30 min and then
incubation in 0.3 % H2O2 for 1 h to block endogenous
peroxidases, the sections were incubated with primary
rabbit anti-rat monoclonal antibodies (1:200; Santa
Cruz Biotechnology, USA) in a solution consisting of
1 % bovine serum albumin and 0.05 % sodium azide in
0.1 M PBS for 24 h at 4 °C. After three washes with
PBS, the specimens were exposed to biotinylated goat
anti-rabbit IgG diluted 1:200 in PBS for 4 h at room
temperature. Next, the peroxidase reaction was devel-
oped for 10 min in 0.05 M Tris buffer (pH 7.6) contain-
ing 0.02 % 3, 3-diaminobenzidine tetrahydrochloride
and 0.006 % H2O2. The sections were photographed
using an Eclipse 50i optical microscope imaging system,
and images were analysed with Image-Pro-plus software.
Positive staining for signalling molecules in the sub-
chondral areas of the femoral heads was visualized as
brown puncta and bundles distributed in the bone
marrow, periosteum and bony trabeculae. The positive
brown staining intensity of each antibody, as described
in the manufacturer’s protocol, were used as positive
controls. Samples without primary antibodies were used
as negative controls. The intensities of immunostaining
for Bcl-2, Bax, activated β-catenin and c-Myc in groups A,
B and C were quantitatively analysed. The images obtained
were analysed at a magnification of 200 × by performing
quantitative integrated optical density measurements. The
area of each analysed tissue was approximately the same.
We evaluated the integrated optical density (the sum of
all pixel intensity or density values in a given region).
Ten different regions in each tissue were randomly
selected, and the numerical values obtained from the
ten regions were averaged to represent the expression
of the specified marker in a given tissue.
Statistical analysis
Quantitative data are expressed as the mean ± SD. Data
were analysed using SPSS 19.0 software (SPSS, Chicago,
IL. USA). For multiple comparisons, the LSD t test and
the Student-Newman-Keuls (SNK) test were used to ana-
lyse significant differences. A p-value of less than 0.05 was
considered statistically significant.
Results
Histopathological staining of osteonecrosis
A positive diagnosis of osteonecrosis was made on the
basis of the diffuse presence of empty lacunae or pyk-
notic nuclei of osteocytes in the bone trabeculae, ac-
companied by surrounding bone marrow cell necrosis
or myelofibrosis [18]. The histopathological staining of
group A showed bone trabeculae with normal struc-
tures and osteocytes with normal morphologies. There
were no necrotic bone marrow adipose tissues or
Fig. 1 Schematic diagram of Wnt/β-catenin signalling pathway [17]
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served in group A. Typical osteonecrosis of femoral
heads was observed by the histopathological staining of
group B, and it was aggravated with increasing time.
There were large fat cells in the marrow cavity and
empty lacunae in the bone trabeculae. The bone tra-
beculae were in disorder and some of them were frac-
tured. The osteonecrosis in group C was more serious
than that in group B. At 8 weeks after the intervention,
severe osteonecrosis appeared in group C. No haemato-
poietic cells were observed. There were a large number
of empty lacunae in the thinning bone trabeculae that
were distorted and fractured. The rates of empty lacu-
nae were 7.13 ± 1.46 %, 9.13 ± 1.96 %, and 9.87 ± 1.64 %
in group A at 2, 4 and 8 weeks, respectively, and these
rates were 11.14 ± 1.95 %, 12.71 ± 1.80 %, and 16.57 ±
2.51 %, in group B and 15.71 ± 3.25 %, 23.28 ± 2.87 %,
and 30.28 ± 3.68 % in group C, respectively. The rate ofempty lacunae in group B was significantly higher than
that in group A at each time point, and it was signifi-
cantly higher in group C compared with both groups A
and B at each time point. All of the above results are
shown in Fig. 2.
TUNEL staining of apoptosis
TUNEL assay was performed to detect apoptotic nuclei
in bone tissue sections, and the results are shown in
Fig. 3. There was no abnormal apoptosis in group A at
any of the time points. TUNEL staining showed gradual
increases in the rate of apoptosis in both groups B and
C, especially group C. The rates of apoptosis were 9.31
± 1.62 %, 11.91 ± 2.60 %, and 10.25 ± 3.32 % in group A
at 2, 4 and 8 weeks, respectively, and they were 16.13 ±
3.98 %, 19.21 ± 4.37 %, and 26.32 ± 4.13 % in group B at
2, 4 and 8 weeks and 19.35 ± 3.02 %, 23.16 ± 3.77 %, and
34.75 ± 4.01 % in group C, respectively. The rate of
Fig. 2 Visualization of femoral head osteonecrosis by haematoxylin-eosin staining. In group a, there was no visible necrosis of the bone or bone
marrow. Typical osteonecrosis of the femoral heads was observed in groups b and c. At 8 weeks after the intervention, severe osteonecrosis appeared
in group c. The rate of empty lacunae in group B was significantly higher than that in group A at each time point, and it was significantly higher
in group c compared with both groups a and b at each time point. (* compared with group a, P < 0.05; and # compared with group b, P < 0.05. The
blue arrow indicates the bone trabeculae; the green arrow shows the fat cells; and the black arrow shows the empty lacunae)
Zhang et al. BMC Musculoskeletal Disorders  (2015) 16:132 Page 5 of 10apoptosis in group B was significantly higher than that
in group A at each time point, and that in group C was
significantly higher than those in both groups A and B
at each time point.
Caspase-3 activation, Bax and Bcl-2 protein expression
To detect apoptosis pathway signalling molecule expres-
sion, caspase-3 enzyme activity and Bcl-2 and Bax
expression in the femoral head were determined at
8 weeks after the first MPS injection. Compared with
group A, the activity of caspase-3 in group B increased
significantly, and its activity in the femoral head in group
C was significantly increased compared with that in
group B (Fig. 4a).
Bax protein expression was significantly increased in
group B compared with that in group A and it wasobviously increased in group C compared with that in
group B, according to the results of Western blot assay
and immunohistochemical staining (Fig. 4b, c and e). Bcl-2
protein expression showed the opposite trend as Bax pro-
tein expression, exhibiting a significant decreases in groups
B and C according to the results of Western blot assay and
immunohistochemical staining (Fig. 4b, d and f).
Protein levels of signalling molecules
To investigate the protein expression levels of activated
β-catenin and c-Myc in the femoral head in each group,
Western blot was conducted, and the results are shown
in Fig. 5. The protein expression levels of activated β-
catenin and c-Myc did not obviously change with in-
creasing time in group A, and they gradually decreased
with increasing time in both groups B and C, especially
Fig. 3 TUNEL staining of apoptosis. There was no abnormal apoptosis detected in group a at any of the time points. TUNEL staining showed
gradual increases in apoptosis in both groups b and c, especially group c. The rate of apoptosis in group b was significantly higher than that in
group a at each time point, and it was significantly higher in group c compared with both groups a and b at each time point. (* compared with
group a, p < 0.05; and # compared with group b, P < 0.05. The red arrow shows the TUNEL-positive cells)
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Myc in both groups B and C were significantly lower
than those in group A at each time point, and they were
also significantly lower than those in group B at each
time point.
Immunohistochemistry of signalling molecules
Immunohistochemistry was employed to detect activated
β-catenin and c-Myc in the femoral head in each group.
The results are shown in Fig. 6. The positive staining of
the two proteins was detected in group A, and there was
no significant difference detected with increasing time.
The positive staining intensities of activated β-catenin
and c-Myc in both groups B and C were significantlyweaker than those in group A. Further, these staining in-
tensities gradually decreased with increasing time in
both groups B and C, and they were significantly weaker
in group C compared with those in group B.
Discussion
Studies have shown that osteocyte and osteoblast apop-
tosis is associated with SANFH. Glucocorticoids can in-
duce the apoptosis of cells, including osteocytes and
osteoblasts. These findings may indicate an important
mechanism leading to steroid-induced avascular necrosis
of the femoral head [6]. In this study, TUNEL staining
showed that the highest and lowest rates of apoptosis
occurred in the sFRP1-treated group and control group,
Fig. 4 Caspase-3, Bax and Bcl-2 expression. a: Caspase-3 activity in the femoral head bone tissue. *p < 0.05 vs. group A; **p < 0.01 vs. group A;
and ##p < 0.01 vs. group B. b: Western blotting of Bax and Bcl-2. c: OD ratios for BAX. *p < 0.05 vs. group A; **p < 0.01 vs. group A; and #p < 0.05
vs. group B. d: OD ratios for Bcl-2. *p < 0.05 vs. group A; **p < 0.01 vs. group A; and ##p < 0.01 vs. group B. e: Immunohistochemical staining of
Bax. Positive staining for Bax was observed in groups B and C (magnification 200×). f: Immunohistochemical staining of Bcl-2. Positive staining for
Bcl-2 in groups B and C was significantly weaker than that in group A (magnification 200×)
Fig. 5 The protein levels of signalling molecules in the rat femoral heads of all groups. The protein expression levels of activated β-catenin and
c-Myc did not obviously change with increasing time in group a, and they gradually decreased in both groups b and c, especially group c. Their
levels were significantly lower in both groups b and c compared with those in group a at each time point, and they were also significantly lower
in group c compared with group b at each time point. (*compared with group a. P < 0.05; and # compared with group b, P < 0.05)
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Fig. 6 The positive staining of signalling molecules in the three groups by immunohistochemistry. The positive staining of the two proteins was
observed in group a, and no significant differences were detected with increasing time. The positive staining intensities of activated β-catenin
and c-Myc in both groups b and c were significant weaker than those in group a. Further, they gradually decreased with increasing time in both
groups b and c and were significantly weaker in group c compared with those in group b. (* compared with group a, P < 0.05; and # compared
with group b, P < 0.05)
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place during the pathogenesis of SANFH.
Caspase-3 is an effector caspase that is involved in
many forms of apoptosis [19]. It operates as a key
effector enzyme in cell death through the receptor-
mediated (Fas/FasL) or mitochondrial-dependent (Bax/
Bcl-2) induction of apoptosis. In this study, caspase-3
activity was increased in the model animals, and with
sFRP intervention, its expression was significantly in-
creased. The dynamic balance of Bcl-2 and Bax plays a
key role in promoting or inhibiting apoptosis [20]. The
current study showed that glucose induced apoptosis in
the animals, accompanied by an increase in Bax expres-
sion and a decrease in Bcl-2 expression, which were
aggravated by sFRP treatment. These results indicate
that apoptosis in steroid-induced femoral head osteo-
necrosis occurring via the Wnt/β-catenin pathway is
associated with increases in Bax expression and caspase-
3 activation and a decrease in Bcl-2 expression.
The Wnt pathway is very important for embryonic
development, the regulation of tissues and apoptosis.
Studies have demonstrated that target downstream genes
of the Wnt/β-catenin pathway, such as c-myc and cyclin
D1, are involved in apoptosis [7, 8]. Wnt protein signalswere transmitted through interactions with Fzd family
proteins and the low-density lipoprotein receptor-related
protein (LRP5/6). One of the key regulators in the Wnt
pathway is β-catenin. Cytoplasmic β-catenin can translo-
cate into the nucleus and bind to T cell factor (TCF)/
lymphoid enhancer-binding factor (LEF) to stimulate the
transcription of target genes, including Bcl-2, c-myc and
cyclin D1, which can inhibit apoptosis [8]. When the
Wnt pathway is blocked, the rate of apoptosis may be
increased. In this study, we conjecture that apoptosis
was increased by the inhibition of the Wnt/β-catenin
pathway, which was suppressed by glucocorticoids in the
model group. Thus, the Wnt/β-catenin pathway is in-
volved in the pathogenesis of SANFH.
Several secreted protein families antagonize Wnt/β-ca-
tenin signalling, including the secreted Frizzled-related
proteins (sFRP), Wnt inhibitory factor (WIF) and the
secreted Dickkopf (DKK) family proteins (DKK1-4). We
chose sFRP1, which can be commercially purchased, to
antagonize the Wnt/β-catenin signalling pathway. The
sFRP protein belongs to a family of secreted glycopro-
teins located on chromosome 8p12-11.1 [21, 22]. SFRP
receptor competitively or directly binds to the Wnt
protein, thereby blocking the expression of Wnt in
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examining the use of sFRP1 to inhibit the classical Wnt
pathway have shown that the deletion of this protein has
a substantial effect on the bone formation process. The
inhibition of sFRP1 has been shown to promote bone
formation in vitro [23–25]. High levels of bone mineral
density and bone formation have been reported in sFRP1
knockout mice [26, 27], and sFRP1 knockout also leads
to endochondral bone formation [28] and may even speed
up fracture healing in animals [29]. In the current study,
the expression levels of activated β-catenin and c-Myc
gradually decreased with increasing time in both groups B
and C, and they were lower in group C compared with
group B. These findings indicate that abnormalities in the
Wnt/β-catenin signalling pathway are involved in early
stage SANFH.
One limitation of this study was that the longest
observation period was 8 weeks after MPS injection. A
prolonged observation period may better elucidate the
pathogenesis of osteonecrosis. There are many subse-
quent investigations that need to be performed in future
studies, including determinations of the mechanisms by
which glucocorticoids affect the Wnt/β-catenin signal-
ling pathway and the roles of this pathway and other
pathways related to sFRP1 in other types of femoral head
necrosis.Conclusions
In summary, we have demonstrated a role of apoptosis
in the pathogenesis of SANFH. Glucocorticoids caused
the decreased expression of activated β-catenin and
c-Myc, which are downstream genes of the Wnt/β-
catenin signalling pathway. When this pathway was
antagonized by sFRP1, expression of activated β-
catenin and c-Myc decreased dramatically, leading to
an increase in apoptosis. Our findings indicate that ab-
normalities in the Wnt/β-catenin signalling pathway
are involved in early stage SANFH. In addition, the
underlying mechanism of this condition may be related
to the regulation of c-Myc expression, leading to osteo-
cyte and osteoblast apoptosis.Competing interests
The authors declare that they have no competing interests.Authors’ contributions
CZ made substantial contributions to the conception and design of this
manuscript, data acquisition, analysis and interpretation and the drafting of
the manuscript. YZ carried out the immunohistochemistry, Western blot, and
TUNEL analyses. JM participated in feeding the animals and collected materials
from the rats. XD participated in the design of the study and performed
statistical analysis. KW conceived the study and participated in its design
and coordination, critically revised the manuscript for important intellectual
content, and gave the final approval of the version to be published. All authors
read and approved the final manuscript.Acknowledgements
This work was supported by the National Natural Science Foundation of
China (No.81301562) and the Interdisciplinary Research Project of the Basic
Scientific Research Fund of Xi’an Jiaotong University (xjj2014152). None of
the authors have any potential conflicts of interest. All of the authors have
read the journal’s policy on the disclosure of potential conflicts of interest in
addition to the authorship agreement. The manuscript has been reviewed
and approved by all of the authors.
Author details
1The First Department of Orthopaedics, the Second Affiliated Hospital of
Medical College, Xi’an Jiaotong University, No.157 Xiwu Road, Xi’an, Shaanxi
Province 710004, P. R. China. 2Department of Orthopaedics, Chongqing
Medical University, Chongqing 400010, P. R. China.
Received: 30 January 2015 Accepted: 28 May 2015References
1. Sato M, Sugano N, Ohzono K, Nomura S, Kitamura Y, Tsukamoto Y, et al.
Apoptosis and expression of stress protein (ORP150, HO1) during development
of ischaemic osteonecrosis in the rat. J Bone Joint Surg Br.
2001;83(5):751–9.
2. Eberhardt AW, Yeager-Jones A, Blair HC. Regional trabecular bone matrix
degeneration and osteocyte death in femora of glucocorticoid- treated
rabbits. Endocrinology. 2001;142(3):1333–40.
3. Rojas E, Carlini RG, Clesca P, Arminio A, Suniaga O, De Elguezabal K, et al.
The pathogenesis of osteodystrophy after renal transplantation as detected
by early alterations in bone remodeling. Kidney Int. 2003;63(5):1915–23.
4. O’Brien CA, Jia D, Plotkin LI, Bellido T, Powers CC, Stewart SA, et al.
Glucocorticoids act directly on osteoblasts and osteocytes to induce their
apoptosis and reduce bone formation and strength. Endocrinology.
2004;145(4):1835–41.
5. Weinstein RS, Nicholas RW, Manolagas SC. Apoptosis of osteocytes in
glucocorticoid-induced osteonecrosis of the hip. J Clin Endocrinol Metab.
2000;85(8):2907–12.
6. Weinstein RS, Jilka RL, Parfitt AM, Manolagas SC. Inhibition of
osteoblastogenesis and promotion of apoptosis of osteoblasts and
osteocytes by glucocorticoids. Potential mechanisms of their deleterious
effects on bone J Clin Invest. 1998;102(2):274–82.
7. Clevers H. Wnt/beta-catenin signaling in development and disease. Cell.
2006;127(3):469–80.
8. Wharton Jr KA. Runnin’ with the Dvl: proteins that associate with Dsh/Dvl
and their significance to Wnt signal transduction. Dev Biol. 2003;253(1):1–17.
9. Westendorf JJ, Kahler RA, Schroeder TM. Wnt signaling in osteoblasts and
bone diseases. Gene. 2004;341:19–39.
10. Babij P, Zhao W, Small C, Kharode Y, Yaworsky PJ, Bouxsein ML, et al. High
bone mass in mice expressing a mutant LRP5 gene. J Bone Miner Res.
2003;18(6):960–74.
11. Wang FS, Lin CL, Chen YJ, Wang CJ, Yang KD, Huang YT, et al. Secreted
frizzled-related protein 1 modulates glucocorticoid attenuation of osteogenic
activities and bone mass. Endocrinology. 2005;146(5):2415–23.
12. Yeh CH, Chang JK, Wang YH, Ho ML, Wang GJ. Ethanol may suppress Wnt/
beta-catenin signaling on human bone marrow stroma cells: a preliminary
study. Clin Orthop Relat Res. 2008;466(5):1047–53.
13. Stambolic V, Ruel L, Woodgett JR. Lithium inhibits glycogen synthase
kinase-3 activity and mimics wingless signalling in intact cells. Curr Biol.
1996;6(12):1664–8.
14. Bennett CN, Longo KA, Wright WS, Suva LJ, Lane TF, Hankenson KD, et al.
Regulation of osteoblastogenesis and bone mass by Wnt10b. Proc Natl
Acad Sci U S A. 2005;102(9):3324–9.
15. Kulkarni NH, Onyia JE, Zeng Q, Tian X, Liu M, Halladay DL, et al. Orally
bioavailable GSK-3alpha/beta dual inhibitor increases markers of cellular
differentiation in vitro and bone mass in vivo. J Bone Miner Res.
2006;21(6):910–20.
16. Jackson A, Vayssière B, Garcia T, Newell W, Baron R, Roman-Roman S, et al.
Gene array analysis of Wnt-regulated genes in C3H10T1/2 cells. Bone.
2005;36(4):585–98.
17. Burgers TA, Williams BO. Regulation of Wnt/beta-catenin signaling within
and from osteocytes. Bone. 2013;54(2):244–9.
Zhang et al. BMC Musculoskeletal Disorders  (2015) 16:132 Page 10 of 1018. Sugano N, Kubo T, Takaoka K, Ohzono K, Hotokebuchi T, Matsumoto T, et al.
Diagnostic criteria for non-traumatic osteonecrosis of the femoral head.
A multicentre study. J Bone Joint Surg Br. 1999;81:590–5.
19. Woo SH, Park IC, Park MJ, Lee HC, Lee SJ, Chun YJ, et al. Arsenic trioxide
induces apoptosis through a reactive oxygen species-dependent pathway
and loss of mitochondrial membrane potential in HeLa cells. Int J Oncol.
2002;21(1):57–63.
20. Zawada WM, Mrak RE, Biedermann J, Palmer QD, Gentleman SM, Aboud O,
et al. Loss of angiotensin II receptor expression in dopamine neurons in
Parkinson’s disease correlates with pathological progression and is accompanied
by increases in Nox4- and 8-OH guanosine-related nucleic acid oxidation
and caspase-3 activation. Acta Neuropathol Commun. 2015;3(1):9.
21. Stoehr R, Wissmann C, Suzuki H, Knuechel R, Krieg RC, Klopocki E, et al.
Deletions of chromosome 8p and loss of sFRP1 expression are progression
markers of papillary bladder cancer [J]. Lab Invest. 2004;84(4):465–78.
22. Lee L, Chang CJ, Wu SY, Sargan DR, Lin CT. Secreted frizzled-related protein
2(SFRP2) is highly expressed in canine mammary gland tumors but not in
normal mammary glands [J]. Breast Cancer Res Treat. 2004;84(2):139–49.
23. Bodine PV, Stauffer B, Ponce-de-Leon H, Bhat RA, Mangine A,
Seestaller-Wehr LM, et al. A small molecule inhibitor of the Wnt antagonist
secreted frizzled-related protein-1 stimulates bone formation. Bone.
2009;44(6):1063–8.
24. Moore WJ, Kern JC, Bhat R, Commons TJ, Fukayama S, Goljer I, et al.
Modulation of Wnt signaling through inhibition of secreted frizzled-related
protein I (sFRP-1) with N-substituted piperidinyl diphenylsulfonyl sulfonamides.
J Med Chem. 2009;52(1):105–16.
25. Moore WJ, Kern JC, Bhat R, Bodine PV, Fukyama S, Krishnamurthy G, et al.
Modulation of Wnt signaling through inhibition of secreted frizzled-related
protein I (sFRP-1) with N-substituted piperidinyl diphenylsulfonyl sulfonamides:
part II. Bioorg Med Chem. 2010;18(1):190–201.
26. Bodine PV, Zhao W, Kharode YP, Bex FJ, Lambert AJ, Goad MB, et al. The
Wnt antagonist secreted frizzled-related protein-1 is a negative regulator of
trabecular bone formation in adult mice. Mol Endocrinol. 2004;18(5):1222–37.
27. Gaur T, Lengner CJ, Hovhannisyan H, Bhat RA, Bodine PV, Komm BS, et al.
Canonical WNT signaling promotes osteogenesis by directly stimulating
Runx2 gene expression. J Biol Chem. 2005;280(39):33132–40.
28. Gaur T, Rich L, Lengner CJ, Hussain S, Trevant B, Ayers D, et al. Secreted
frizzled related protein 1 regulates Wnt signaling for BMP2 induced
chondrocyte differentiation. J Cell Physiol. 2006;208(1):87–96.
29. Gaur T, Wixted JJ, Hussain S, O’Connell SL, Morgan EF, Ayers DC, et al.
Secreted frizzled related protein 1 is a target to improve fracture healing.
J Cell Physiol. 2009;220(1):174–81.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
